Intima-media thickness of the carotid artery (CIMT) and its increase is associated with several cardiovascular risk factors and manifest cardiovascular diseases. CIMT is suggested to be an important biomarker of subclinical atherosclerosis. CIMT is measured in B-mode ultrasound images of the carotid tree as a typical double line of the arterial wall. CIMT is best visible in the measurement segment of the distal common carotid artery with lowest measurement variability. The measurement is most reliable over a one centimeter-segment with automatic or semi-automatic reading methods, which minimises reading errors. Further structured training of sonographer and reader is important for valid and reproducible results. CIMT is an accepted predictor for future cardiovascular events independent of age, gender and cardiovascular risk factors. Measurement seems to be best applicable in patients with intermediate risk in order to readjust cardiovascular risk. Plaques in the carotid tree and thickening of the CIMT are different atherosclerotic processes. From childhood to early adulthood CIMT is the only atherosclerotic marker of the carotid tree; plaques occur later in life. Both parameters contribute independently to risk assessment for future cardio-vascular events. Aims of this review are to outline measurement procedures, reproducibility, prognostic value and ability to discriminate healthy subject and patients with manifest disease in a practical and scientifically contemporary manner.
Introduction
Carotid intima-media thickness (CIMT), recorded with Bmode sonography, is an important marker to quantify atherosclerotic burden in the common carotid artery (CCA). The last twenty years, the value of CIMT-measurement for risk estimation of atherosclerotic events (for e.g., myocardial infarction, stroke, sudden cardiac death) increased more than ever. The aim of this review article is to (1.) present anatomical and histological background of the vessel wall structure; (2.) introduce the history of CIMT-imaging and (3.) demonstrate aspects of reproducibility. In addition to show (4.) prospective value in regard to cardiovascular endpoints and medical treatment; (5.) the power of discrimination between healthy and pathological values; (6.) the additional benefit of CIMT-measurement compared to established cardiovascular risk stratification algorithms and (7.) its implementation in daily clinical practice.
Anatomy and histology
The right CCA has its source in the Truncus brachiocephalicus, while the left CCA originates from the aortic arch. In its cervical course the CCA is medial located, slightly behind the internal jugular vein [1] . The carotid bifurcation (CB) into the internal (ICA) and external carotid artery (ECA) is located at the level of the fourth cervical vertebra [1] . The carotid artery has a superficial course, so that ultrasound examinations usually can be performed without bigger problems. In some cases the variability of the location of the carotid bulb makes the identification of the ICA and ECA somewhat difficult.
The histological mural structure of the CCA is composed of three layers: 1. Intima (Tunica intima): inner layer; monolayer of endothelial cells; between Tunica intima and Tunica media: internal elastic lamina. 2. Media (Tunica media): mainly composed of longitudinal smooth muscle cells, surrounded by connective tissue; containing elastic lamella that provides elastic property of vessels.
3. Adventitia (Tunica externa / adventitia): outer layer; generally embedded in the circumjacent tissue.
Histopathology
Atherosclerosis is a systemic and chronic inflammatory disease, which may cause cardiovascular disease, the most frequent cause of death in the world [2] . A long term thesis in the development of atherosclerosis was the "response-toinjury" theory [3] , in which a physical injury of endothelium was considered to be responsible for atherosclerotic changes of vessel walls. This view was completed in the last three decades, since endothelial dysfunction was considered to be a functional trigger [4, 5] . Briefly, the infiltration of LDL-cholesterol through the endothelium, LDLdeposition in the intima and the following oxidative and enzymatic processes have been described [6] . Hence, the intima-media complex of arterial walls plays an essential role in the pathogenesis of atherosclerosis and may reflect different stages in the development of the disease: a hypertensive hypertrophic response of medial cells can be observed in early phases of atherosclerosis (quantified by CIMT-measurement), while carotid plaque formation are often seen in later stages of atherosclerosis, which may be caused by inflammation, oxidation, endothelial dysfunction, and/or smooth muscle cell proliferation [7] . An increased CIMT is typically seen at the CCA, while carotid plaque formation are more frequent at the CB or ICA. Plaque formation at the CB or ICA are more associated with hyperlipidaemia and MI, while an increased CIMT at the CCA shows a stronger relationship to hypertension and stroke [8] .
History of CIMT-measurements
Already in the 1980's Pignoli et al. could demonstrate a highly significant association between histological findings of the CCA and respective ultrasound examinations [9] . Since then, associations between CIMT and a) traditional and non-traditional cardiovascular risk factors, b) the extent and severity of atherosclerosis c) as well as cardio-and cerebrovascular events (outcome) had been examined and described in different studies (4-6; table 1). Regarding cardiovascular risk factors, an increased age has the most impact on an increased CIMT: depending on different studies, age may explain 50%-80% of the variability for an increased CIMT. It has been described an annual increase of CIMT in the CCA about 0,007 mm [10] , with nearly a 5 year delay in women compared to men of the same age.
Methods exposure
B-mode sonography of the carotid artery is a safe, cheap, quick and painless examination, free of radiation exposure to the patient and enables a detailed evaluation of different regions of the carotid artery. Currently, B-mode sonography of the carotid artery mainly allows a noninvasive visualisation and assessment of arterial wall changes via Table 1 : Prospective studies about the prediction of cardiovascular events via CIMT-measurement in subjects without manifest cardiovascular atherosclerotic disease. HR = hazard ratio; RR = relative risk; CCA = common carotid artery; CB = carotid bifurcation; ICA = internal carotid artery); * = follow-up [11] . measurement and quantification of a) CIMT and b) carotid plaque formation: a) CIMT is defined as the viewable distance between the lumen-intima-and the media-adventitia interface (see fig. 1 ). b) Carotid plaque formation differ from CIMT (as defined) by an increase of CIMT about at least 0.5 mm or an increase about 50% compared the adjacent CIMT as well as an increase of thickness about more than 1.5 mm [17] .
Author
Another possibility is to regard CIMT as a continuous distance that also integrates those vessel regions in CIMT-measurements that are defined as "plaque formation". In those cases CIMT is defined as mean CIMT in CCA or the mean maximum CIMT in the CCA, the CB and / or the ICA [18] . Ultrasound image of the common carotid artery (longitudinal axis) with tracing lines of automatic contour-detection at the lumenintima-(yellow line) and the media-adventitia interface (blue line). Outer lumen diameter (between blue-and pink-coloured line) in the common carotid artery in B-mode (left) over two heart cycles and with M-mode (right) generated by 180 single images of a this clip.
The mean CIMT at the far wall was 0.87 mm. An ultrasound arc (see "Meijer-Arc") can be used for longitudinal-records in anterior, middle and posterior position.
Different methods of CIMTmeasurement
Originally, CIMT-measurements were performed via a manual method that could be integrated in ultrasound systems or per additional acquired software. However, the last few years it could be demonstrated that this method is associated with a higher reader-subjectivity compared to automatic or semiautomatic (automatic + manual correction) measurement software [21] . These can be implemented in the ultrasound system or can base a) on an image-analysis (contour-detection) ( fig. 1 Echolucent carotid plaque formation at the near wall of the right common carotid artery (male study participant of the populationbased Heinz Nixdorf Recall study) [19] .
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CIMT-measurement is possible in different segments of the carotid artery: in the CCA, CIMT is measured automatically over a distance about one cm [24] . Further vessel segments, like the ICA and ECA or CB are commonly only depictable over a limited distance. Therefore, maximum CIMT is measured in these segments. Up to now, the different measurement-localisations and -methods resulted in inconsistent CIMT-protocols. The limited standardisation is the vulnerable weakness of this non-imaging method. Per electrocardiogram it is possible to standardise the CIMT-measurement during a complete heart cycle (Rwave) which is especially important in single images, because CIMT may vary between 5%-10% during a heartbeat [22] .
Regarding the R-wave in the electrocardiogram, the wave represents the end-diastolic moment -the moment of the thickest CIMT [20, 25] . Utilisation of Meijer's carotid arc is a further instrument to optimise reproducibility of CIMT-measurements over specific carotid segments and time. This semicircle is divided into 30°angles one after another (120°, 150°, 180°, …) and was used in different studies (e.g., METEOR study) to optimise data acquisition [26] . Best visibility has been observed at semi-lateral angles, thus left side at 120°-150°a nd right side at 210°-240°angle of insonation.
Reproducibility
Measurement-variability of CIMT depends on the carotid segment that is examined. The inter-observer variability of maximum CIMT in the CCA was found to be 0.14 ± 0.16 mm and 0.13 ± 011 mm for mean CIMT. The inter-observer variability is reported to be slightly higher (0.20 ± 0.26 mm and 0.18 ± 0.24 mm, respectively) [27] . In repetitive CIMT-measurements of the CCA the absolute mean difference in the CCA was only 20%-25% of ICA or the CB (0.11 ± 0.08 mm vs 0.60 up to 0.66 mm) [28] . Due to the speckle pattern caused by the differences of acoustic impedance between wall components the near wall of the CCA and CB have a slightly higher CIMT-variability compared to the far wall [29] . Compared to CB (76% up to 96%) and ICA (54% up to 81%) the CCA can be depicted in nearly all patients (94% up to 99%). This applies also for the far wall compared to near wall (CCA 97% vs 88%, CB 87% vs 80% and ICA 76% vs 49%) [30, 31] . Additionally, anatomic conditions and especially the experience of the reader influence the visibility considerably.
Normal CIMT-values
Classification of CIMT-values in healthy and pathological values varies considerably, depending on the CIMT measurement protocol. Therefore, conclusions from measured CIMT must be drawn, by consideration of the underlying protocol. Every reader should pay attention that the same measurement value in two different studies may be considered as normal on one and as pathologic on the other hand. Nowadays, there are two main possibilities for the evaluation of CIMT-values: the utilisation of a) fixed cut-off values or b) percentile-distribution. For fixed cut-off values, a prognostic value for prediction of future cardiovascular events has been established [11, 16, 32] . Fixed CIMT-values ≥1 mm were described in the literature, however, such high values are not achieved in different studies which can be explained by in-or exclusion of plaque formation (see also page 3) [10, 33, 34] . The differences in observations have resulted in the utilisation of percentile-distributions [35] . Both, fixed cut-off-and percentile values have been previously used based on different measurement protocols [36] . Like other markers of subclinical atherosclerosis (e.g., coronary artery calcium, ankle brachial index), CIMT increases with an increase in age [10] . [19] .
CIMT-Progression
CIMT-progression has been examined in different studies and depends on included regions of CIMT-measurement [10, 38] . Recently, Lorenz et al. included n = 36.984 participants from 16 different studies in a meta-analysis to investigate CIMT-progression as a predictor of cardiovascular events; the association remained unproven [39] . However, due to well-known histopathological mechanisms in the intima-media complex (see above) and calculated cardiovascular risks being associated with an in- Figure 3 Potential implementation of CIMT-measurements in the daily clinical practice. General recommendation of SHAPE-Task Force [8] .
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Swiss Med Wkly. 2012;142:w13705 creased CIMT, the question of CIMT-interference via medical treatment arose in the last decade. Therefore, in many studies CIMT-regression and -progression, induced by medical treatment of lipid metabolism, were conducted. It could be demonstrated that a 40-mg dose of rosuvastatin significantly decreased maximum CIMT-progression over 12 carotid segments (common carotid, carotid bulb, internal carotid) in middle-aged individuals [38] . Based on these METEOR-results, the predictive value of CIMT-measurement as a detection and monitoring tool in subjects with low Framingham risk score was shown [38] . The effect of other different LDL-lowering therapies on the regression of CIMT could be proven in different studies [40] [41] [42] . Furthermore, in some studies the association between different statins and CIMT-regression were examined [43, 44] . CIMT-measurement, used as a monitoring tool in lipidlowering studies, was subjected to a practical test and passed it, when Kastelein et al. examined the "null-effect" of LDL-cholesterol: A combined therapy with ezetimibe and simvastatin did not result in a significant difference in changes in intima-media thickness, as compared with simvastatin alone [45] . Despite many comments in public, Brown et al. pointed out, that different preconditions led to the observed results [46] .
Benefit of CIMT-measurements in addition to traditional and established cardiovascular risk stratification algorithms
Actual cardiovascular risk stratification relies on risk calculations that are based on the inclusion of different traditional and established risk factors (e.g., Framingham Risk Score, European HEART Score). However, the solely utilisation of these risk scores is afflicted with different problems. There is a variation in risk estimation in different populations [47] , different endpoints in risk algorithms are evaluated (e.g., coronary morbidity, CV-mortality), many important lifestyle and other risk factors are not included in stratification algorithms [48] , and cross-sectional risk assessment does not account for variation in risk factor exposure. Up to today, risk factors are used to classify cardiovascular risk as low, intermediate and high risk. Subjects with a low risk are recommended to modify risk factors, while high-risk subjects receive medical therapy. The management for subjects with an intermediate risk is unsettled. These persons are recommended for further risk assessment including new markers of a subclinical atherosclerosis (for example CIMT-measurement). However, the value of CIMT-measurement in the cardiovascular risk stratification is still under debate. For reclassification of cardiovascular risk via CIMT-measurement (according the Framingham Risk Score), the investigators of the Atherosclerosis Risk in Communities Study (ARIC-Study) provided data on 13,145 subjects (mean observation: 15.1 years) that were observed as regard to the onset of acute myocardial infarction, coronary death and cardiovascular revascularisation [15] . A total of 16.7% subjects with intermediate risk (5%-20% 10-year risk) could be reclassified. Using CIMT-and carotid plaque-measurement in all carotid segments, a total of 9.9% subjects could be reclassified.
In subjects with an intermediate risk (5%-20%) 12.4% persons were reclassified in the low risk group and 10.8% in the high risk group. The number of reclassification was considerably lower in the Carotid Atherosclerosis Progression Study (CAPS-Study) (5.3%) [49] . However, in this study cardiovascular risk has been evaluated according the European Heart Score that calculates fatal cardiovascular events as the outcome [49] . So the data are not comparable with each other. For subjects with a 10-year risk for cardiovascular events of 6%-20%, the American Heart Association (AHA) finds CIMT-measurements reasonable. Hence, CIMT-measurement is one of the few biomarkers that is attributed to the class IIa / level of evidence B. However, suitable technical equipment and a profound course of instruction and experience of the reader are conditions to keep up a high quality of the measurement methodology [50] . Whether an increased CIMT is able to support correct clinical decision making and lead to specified anti-atherosclerotic therapy has not been investigated in meaningful endpoint-studies until today. Additionally, appropriate clinical guidelines, with inclusion of CIMT-measurements in the treatment of patients as well as proof of cost-effectiveness are still missing.
Possible implementation of CIMTmeasurements in the daily clinical practice, based on a combination of ASE-, AHA-and SHAPE-Task Forcerecommendations (table 2) Quantification of carotid plaque formation or CIMTmeasurement Embedding carotid plaque formation in CIMT-measurements is debatable, since they are reported to be different biological and genetic atherosclerotic phenotypes [51] . It is certain that plaque formation is always pathologic. In a meta-analysis about 11 population-based studies (n = 54,336 subjects) carotid plaque formation had a significantly higher diagnostic precision in the prediction of myocardial infarction compared to an increased CIMT (AUC 0.64 vs. 0.61) [52] . The additive inclusion of plaque formation in CIMT-measurements may improve risk prediction of coronary heart disease [15] . The last three decades, quantification and evaluation of carotid plaque formation has changed remarkably. In addition to cursory assessments like degree of stenosis and echogenicity, other distinctive features have been used to investigate carotid plaques. The most common used criteria for plaque investigation are echogenicity (echolucent, echogenic, mixed echogenicity), echogenic distribution pattern (homogeneous versus inhomogeneous) and evaluation of surface structure (regular versus irregular). Furthermore, measurement of two dimensions (2D) and three-dimensions (3D) are used to quantify total plaque area and total plaque volume [53, 54] . Lastly, plaque vascularisation on contrast-enhanced ultrasound are developed to optimise cardiovascular risk prediction [55, 56] . Because the prevalence of carotid plaques in a population at 60 years is 60%-90% [57] it seems to be of additional benefit for risk prediction to take this different ultrasound derived pattern into consideration at least in an elderly population. Finally both, quantification of CIMT and carotid plaque formation provide different information of the atherosclerotic status and burden in the carotid artery. Taken together these two parameters have been shown to result in a superior risk prediction for coronary heart disease than with one of the parameters alone [15] .
Conclusion
CIMT-measurement and plaque detection are already established measurement methods for detection of subclinical atherosclerosis in many studies. However, solid and efficient trainings of sonographer and reader are required for sufficient CIMT-quantification in studies as well as daily clinical practice. Among different CIMT-measurement methods, automatically based methods show the highest reproducibility. To differ between normal and pathological CIMT values an exact consideration of the underlying measurement protocol is obligatory. CIMT-measurement is a suitable method for an improvement of risk stratification in subjects with an intermediate risk factor profile above traditional atherosclerotic risk factors. The combination of CIMT-measurement and quantification of carotid plaque formation further increases the predictive value for first cardiovascular events.
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Figure 1
Ultrasound image of the common carotid artery (longitudinal axis) with tracing lines of automatic contour-detection at the lumen-intima-(yellow line) and the media-adventitia interface (blue line). Outer lumen diameter (between blue-and pink-coloured line) in the common carotid artery in B-mode (left) over two heart cycles and with M-mode (right) generated by 180 single images of a this clip. The mean CIMT at the far wall was 0.87 mm.
Figure 2
Echolucent carotid plaque formation at the near wall of the right common carotid artery (male study participant of the population-based Heinz Nixdorf Recall study) [19] .
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Figure 3
Potential implementation of CIMT-measurements in the daily clinical practice. General recommendation of SHAPE-Task Force [8] .
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